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rFOREWORD
This is the fifth Quarterly Report and covers the work performed ;inder NASA
Contract NAS8-21128 during the period 1 July through 30 September 1968. :';: So!:: ,-
Internal R. P. No. is 6-2697-7 and the Report No. is RDR 1554-5.
The contract was initiated by the National Aeronautics and Space Administration,
Marshall Space Flight Center, with the Solar Division of International Harvester Company,
for the development of inelastic damping methods for ducting sy items through the mech-
anisms of bimetallic damping sleeves and high friction gimbals. The project engineer
for the program is Mr. Harry Bandgren of NASA-MSFC, Propulsion and Vehicle Engineer-
ing Laboratory, Huntsville, Alabama.
Mr. W. A. Compton, Assistant Director of Research at Solar, has provided
overall technical direction and contract administration of the program in the quarterly
report period. Dr. Glenn E. Bowie, Senior Staff Engineer, was appointed as principal
investigator on 1 August 1968, and has performed the analytical studies. Mr. M. I.
Seegall, Research Engineer, has maintained continuity of the data reduction procedures.
Mr. J. A. Davies, Research Engineer, has conducted the response and fatigue tests and
Mr. A. N. Hammer, Research Engineer, has been responsible for brwzed specimen
preparation and metallographic examinations.
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rSUMMARY
This program was initiated by the National Aeronautics and Space Administra-
tion, Marshall Space Flight Center, in July 1967, to investigate the potential of applying
inelastic damping from bimetallic sleeves to space vehicle ducting systems having long
unsupported spans and being exposed to high vibratory response stresses which could
result in fatigue failures. The program is being conducted in essentially four main
tasks as follows:
Task I - Development of the mathematical theory which relates damp-
ing mechanisms to ducting strain, modal shape and frequency.
Task H - The design and fabrication of representative ducting systems
and gimbals employing optimum damping techniques and mechanisms
to suppress excessive vibratory response and stress.
Task III - The implementation of a testing program to experimentally
establish damping ratios as a function of stress and frequency for
representative duct assemblies, with and without damping sleeves.
k
Task IV - The derivation of design charts and graphs which will permit
the application of inelastic damping devices to space vehicle ducting
r	 systems exposed to high dynamic loads.
The first three monthly reports include an extended analysis on Task I of duct
systems in which damping mechanisms in duct sections and gimbal supports are treated
in term.s of equivalent viscous damper models. The theory is considered to be of general
i	 value in predicting mode shapes and stresses in components of duct systems. However,
experimental results on the response of duct sections with inelastic damping sleeves
obtained in Task III have demonstrated a need for a new theoretical approach which con-
siders the detailed geometry and material properties of composite ducts. In the new
method, the damping ratio for a composite duct is defined as a ratio of two volume inte-
grals, with the numerator a function of unit material damping and the denominator a
function of maximum elastic energy per cycle in the duct. This theory is described in
detail in a proposal document, Reference 1, that has been completed for consideration
by NASA-MSFC.
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The following Task R specimens defined in the overall test program on pages
16 through 20 of the fourth quarterly report have been fabricated.
• Test Series I - Tasks A, B, and E
• Test Series II - Tasks A, B, and E
• Test Series II - Task A Addendum and E Addendum
All of the planned Task III response and fatigue life tests have been performed on the
specimens of Test Series I and H. Fabrication procedures and test data are reviewed
in this report. 1
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I. INTRODUCTION
Experiments conducted to date on vibratory response of Inconel 718, 6A1-4V
titanium and 6061-T6 aluminum alloy ducts with 321 stainless steel damping sleeves
verify that substantial reduction of fundamental bending mode vibrations of duct
sections can be achieved.
It is now recognized that although the duct damping ratio prediction equation
1 Y N 12
`	 R E E r
is valid for uniform ducts, more refined prediction equations are required for composite
ducts. Considerable progress, reported in Reference 1, has been made in deriving a
new analytical framework for designing damping sleeves and interpreting experimental
results. Section 2.1 of this report includes a review of the derivation and application
of the above prediction equation for use in experiments on uniform duct sections.
Techniques for fabricating and testing damped duct specimens are presented in Sec-
tion 2.2„
a	 Response and fatigue life data obtained in the quarterly report period are
H
given in Section III and discussed in Section IV. The metallographic examinations
presented in Section 4.3 are an important contribution toward evaluation of faurica•.
p
tion procedures and fatigue failure modes.
A program suggestion document . (Ref. 1) has been prepared for consideration
by NASA-MSFC. In the next quarter, emphasis will be placed on completion of Task
IV objectives on the current program and preparation of the final report.
r
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II. DISCUSSION OF THE EXPERIMENTS
A continuous analytical review is being made of the theory used to interpret
test results obtained on the program. It is now recognized that the damping ratio
equation used in the data reduction phase is strictly valid only for uniform ducts and
does not represent a direct measurement of configuration damping. Section 2. 1
includes three subsections which report a) a re-derivation of the damping ratio pre-
diction equation for a uniform duct, b) a comparison of predicted and measured values
of 4, and c) a suggested interim procedure for scaling values of ^ for uniform duct
sections.
Specimen preparation and test procedures are reviewed in Section 2.2.
t	 B. 1 THEORETICAL BASIS FOR THE EXPERIMENTS
2. 1, 1 Theoretical Prediction of the Damping Ratio,
When a uniform duct section is to be vibrated in the fundamental mode, as shown
in Figure 1, it is usual to compare the deflections of the vibrating duct with those that
would occur when the driven end is subjected to a uniform acceleration. The procedure
adopted here follows the techngiue described in Reference 2. The derivation of the
damping ratio prediction equation given below yields a result similar to that of Section
2. 1 of the fourth quarterly report. A theoretical comparison of the alternate single
degree of freedom models, shown in Figure 1, for representing duct vibrations is pre-
sented in Section 2.2. 1 of Reference 1. The vibrating duct is first considered to be
undamped to simplify the determination of the vibrating mode shape. Damping is then
considered to affect only the amplitude of vibration and not the mode shape or resonant
frequency.
Uniform Acceleration of One End of a Duct Section
When one end of a simply supported duct section is subjected to a uniform
acceleration, NgpA, where p= mass density of Cuct material and A = duct cross-sec-
tional arer, the deflection of the duct in the direction of the acceleration, Y(x), is
given by ane solution of the equation
4
E I' 4^ = NgpA
3
r1 + 2 ^i)
= Cry
x
Mid-Span Deflection
Ng sin(at
I
IY
Y(t) = Deflection of Mass with Respect to Base
J_	 I m I
Base
Ng sincot
	 Ng sincot
FIGURE 1. SINGLE DEGREE OF FREEDOM MODELS FOR DUCT SECTION
VIBRATING IN THE FUNDAMENTAL BENDING MODE
The nabiral mode shapes of the undamped duct are known to be of the form
nnx
sin Q	 n = 1, 2, 3, - - - -.
The deflection Y(x) can be expressed as a superposition of the form
Y(x) =I Bn
 sin ,x
To a first approximation,
Y(x) = B 1 sin Q
4 N^ nx
= a 12 sin Q
where a), = frequency of fundamental vibration mode
4
ra2EI 1/2
Q2(PA)
Here,	 Q =duct length
E =Young's modulus
I = second moment of cross-sectional area
Sinusoidal Acceleration of One End of a Duct Section
When one end of a simply supported duct section is subjected to a sinusoidal
acceleration, Ng sin cat, at the frequency of the fundamental vibration mode, the duct
deflection can be represented in the form
Y(x, t) = B 1 sin Q sill w t.
The bending strains are given by
2
Ex (x . Y, t) = -y ax2 (x ^ t)
and have a maximum value, at the section x =1/2, and at a distance y = ± r 2 from the
duct axis, of magnitude
Q
	
	
2
tE = Ex 2
	
r2 ^ = r2 Q B1
If N and c are measured in an experiment and the duct damping coefficient 4s defined
as
B1
2 = B'1
it can be seen that for a thin--walled duct
__4	 y N Q2
ff 3 E E r
d - t r + r
where r = 22	 = 1 2 
2- is an effective duct ratios, Y = pg is the weight density of
the duct material, d2 and 1- 2 are the outer diameter and radius of the duct cross-!section,
rl is the internal radius, t is the duct wall thickness, and the second moment of area
has been assigned the approximate value
I = ?Tr t.
e
5
The present equation for ^ is greater by a factor of n than the result reported
earlier on NASA Contract NABS 21128. The difference arises because the duct section
subjected to a uniform acceleration in the above analysis was considered to be elastic.
If it had been considered to be rigid, the previous result would have been obtained.
The prediction equation has been expressed therefore in the alternate forms
	
__ 1	 Y	 N 
12
	
7r 2 E	 E	 r
4 y N 12
and
	
_ :^3 E	 E r
The latter equation is to be used when deflections of the vibrating duct are compared
with those of an elastic duct that is subjected to a uniform acceleration on one end.
The former equation is one in which deflections of the vibrating duct are compared
with those of a rigid duct subjected to a uniform acceleration on one end.
When a damping sleeve is brazed to a duct, the stiffness and mass distri-
butions and internal damping energy of the composite duct are affected. The theo-
retical mode shape used in deriving the above prediction equations pertains to a
uniform duct. It has been tacitly assumed in reducing data obtained on this program
that the damping ratio for a composite duct can be compared with that of a uniform
duct by using the prediction equation
I Y N 12
	
S 7r 2
 E	 E	 r
The value of E used in the calculations has been selected as the maximum tube wall
strain at the center of a duct.
During the August monthly activity period, N and E values were measured on
a 6A1-4V titanium duct with an outer diameter of 3.0 inches, a wall thickness of
0. 049 inch, and a length of 78 inches. A 16-inch long, 10 mil thick AISI 321 stainless
steel sleeve was brazed to the center section of the duct. Strains were measured at
the following three positions: duct center, 10 inches from duct _nter and 19.5 inches
from one end of the duct. In Figure 2, strain amplitudes at an acceleration load
factor N = 16.5 are compared with the uniform duct strain distribution equation
ex = Esin (7rx /Q )
r
i
r
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FIGURE 2. COMPARISON OF THEORETICAL AND MEASURED STRAINS AS A
FUNCTION OF DUCT POSITION FOR DAMPED 3-INCH O. D.
TITANIUM DUCT
It is clear that the experimental strain distribution is not in agreement with the
theoretical distribution for a uniform duct. A more refined theory is required for
predicting total internal damping and damping ratios for a composite duct. Such
a theory is now under development at Solar and is discussed in Reference 2. It is
based on the definition of unit damping and involves computation of damping ratios
as functions of certain volume integrals.
z
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2.1.2 Comparison of Predicted and Measured Values of ^
An attempt was made to compare predictions of 4 according to the formulae
of the preceeding section with direct measurements of damping in experiments on a
new 2-inch diameter 6061-T6 duct section. The duct length and wall thickness are
60 inches and 0.049 inch, respectively. Two different standard techniques were used.
In the first, the duct was mounted with one pinned end on a shaker head and the other
in a pinned/slotted wall bracket. Motion of the shaker head was prevented by means
of clamps and blocks. A 100-pound weight was suspended at midspan of the duct with
a support that included a section of safety wire. A strain gage was attached to the
outer duct wall at midspan. It was found that consistent vibration decay curves could
be obtained on an oscillograph by cutting the support wire in repeated tests. The
vibration decay test setup is shown in Figure 3. The vibration decay data were re-
duced as follows. Logarthmic decrement values were computed over four vibration
cycles at average peak strain values of 230, 400, 610 and 700 microinch/inch. The
measurements were repeated eight times. Damping ratios were computed according
to the relation
^ = 6 12 77, where
E
d = logarthmic decrement = 4 In En
n+4
FIGURE 3. METHOD OF RELEASING DEAD WEIGHT LOAD FOR RECORDING OF
VIBRATION DECAY
8
Sample standard deviations for 6 at each of the four strain values were com-
puted using the formula
^8	 T)211/2
are = Cq L^ 1^i 	 J
where ei represents an individual measurement and e an average over eight measure-
ments. Figure 4 shows the average damping ratio results, together with curves at
levels of f one standard deviation. The results show a maximum in 4 at a strain in the
range 400<E<500 microinch/inch with lower values at lower and higher strains.
The second series of damping measurements was made by using what is known
as the frequency/half-power bandwidth method. The shaker mounted end of the duct
was subjected to swept-sine frequency excitation at resonant peak strain levels in the
range 680<e<1100 microinch/inch. A typical peak strain versus frequency response
curve is shown in Figure 5. The frequency bandwidth, df, at a strain amplitude equal
to 0.707 times the amplitude at resonance was measured and damping ratios were
computed using the formula
Af
= 2f	 where fn =frequency at resonance.
n
A total of 14 response curves were obtained. Measured values of e are
plotted as circled dots in Figure 4. The dashed line represents a least squares straight
line fit on the e values.
It can be noted that the two sets of measured evalues tend to converge at a
peak strain in the order of 600 microinch/inch, but diverge at higher strains. The
values obtained by the vibration decay method are consistently lower than those ob-
tained in the swept-sine tests at higher strain levels.
A third series of measurements was made in the manner of previously re-
1'	 ported experiments. Peak strain, c, and acceleration load factor, N, values were
obtained at resonance of the duct in the fundamental mode for strain amplitudes in
the range 220<E<800. These measurements represent a repeat of the experiment in
Task Item I-A-3 with a different duct of the same material. Damping ratios were
computed using the alternate formulae of the preceding section for both the newly
obtained and previous results. The open triangles in Figure 4 represent data com-
puted according to the formula
1 Y N 12
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FIGURE 4. DAMPING RATIO VS STRAIN OBTAINED BY DIFFERENT
TECHNIQUES WITH 2-INCH DIAMETER ALUMINUM DUCT
and the solid triangles are greater by a factor of 4/7r. The previous data are plotted
as open and closed squares. The two sets of computed ^ values for the different ducts
agree reasonably well for strains greater than 400 microinch/inch. The disagreement
at lower strains is attributed to lack of precision in measurement of low values of N.
This exermse points out the need for talung extreme care in obtaining direct
measurements of damping by the two alternate techniques. No firm conclusion can be
made regarding the advisability of changing the prediction equation for damping ratio
^ by a factor of 4/7r on the basis of the data presented here. Either form of the pre-
diction equation yields damping ratios that are in fair agreement with the vibration
decay results at strain levels lower than 5G0 microinch/inch and with the values ob-
tained by the frequency/half-power bendwidth method at strains in the range
500<E<1000 microinch/inch.
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FIGURE 5. FREQUENCY SWEEP THROUGH FIRST RESONANT MODE
2. 1.3 Technique for Scaling Values of the Damping; R 3ti0,
The baseline duct material identified in this program is AISI 321 stainless
steel (321 SS). Experimental values of the damping ratio, ^, have been obtained for
the following ducts.
	
Diameter	 Length	 Wall Thickness
Task Item	 In.	 In.	 In.
I-A-1	 2.0	 60.0	 0.049
I-E-29	 3.0	 78.0	 0.049
I-B-8	 4.0	 78.0	 0.049
In the experiments, one end of a pinned/pinned duct is subjected to a simulated trans-
verse excitation at the fundamental bending mode resonant frequency. Values for the
damping ratio, 6, are predicted using the formula
_ 1	 Y N j2
7r 2 E	 E r
11
r
r
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When damping ratios for two different ducts are considered, one approach is to com-
pare them at the same strain level at midspan to assure that the portions of the ducts
subjected to the highest stress levels are behaving according to the same unit damping
law of the form
D = Ja .
If subscripts 1 and 2 are used to denote two different ducts and the condition C l = E2is imposed, we can write
2
	1 Yl N	 	 11
^1 = 7r2 E
	
E	 r1	 1	 1.
1
Y2
2
^and	 ^2 
= n2 E2 e1 r2
If the ducts are of the same material, Y l = Y2 and E l = E2 . The relationship between
damping ratios ^I and ^2 at the same strain level is then
4	
rl N2/ 12)2
2 
r2 N 1 Q 	 ^1
The following procedure has been adopted to check the internal consistency of experi-
mental results obtained with different 321 SS ducts. Subscript 1 was used to denote
results obtained with the 2-inch diameter duct and subscript 2 to denote results ob-
tained with the 3-inch duct and then with the 4-inch duct, in comparison with those of
the 2-inch duct. Ratios N21Nl at the strain levels observed in the 2-inch duct tests
were obtained from the curves in Figure 4 on page 49 of Reference 3. Experimental
test points with values ^ and a in the 2-inch duct tests were then scaled to predict ^
versus E values for the 3- and 4-inch tests. The scaled values for the latter ducts
are shown in 'Figure 6 as open triangles and circles, respectively. The dashed lines
represent least squares straight line fits on ^ as functions of E. These results there-
fore represent predictions of damping ratios for the 3- and 4-inch ducts based on N
versus c curves and the results of the 2-inch diameter duct tests.
The solid triangles and circles in Figure 6 represent ^ versus a values at
strain levels observed in the 3- and 4-inch duct tests, respectively. The solid lines
are least squares fits to the data points. It can be concluded, from comparison of the
two sets of straight line fits to the data, that within the limits of data scatter observed
in the experiments, a good correlation exists between ^ values for 3- and 4-inch
diameter ducts when results are scaled on the basis of 2-inch duct tests and then com-
puted directly using the ^ prediction equation.
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It is important to emphasize that eversus E vs.lues obtained from the equation
_ 1 Y N 
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are predicted values based on a mathematical model. A vibration decay technique
could be used to obtain ^ versus E values that are more directly related to physical
measurements. A correlation between predicted and measured values has not yet been
demonstrated for ducts made of the baseline material, 321 SS. For the purpose of
discussion, it is assumed here that such a correlation has been obtained in tests on
a 2-inch diameter duct.
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Suppose that a designer needs estimates of ^, N and a values for a larger
diameter duct, in the order of 8 inches. Let subscripts 1 and 2 denote the 2- and
8-inch ducts, respectively. If no shaker tests had been performed on pinned /pinned
8-inch diameter ducts, a relationship between N2
 and f 2 would not be available. One
approach that could be used would be to conduct vibration decay tests on the 8-inch
duct. Compare ^ and N values for the two ducts at the same strain levels,
i.e., let
E1 = E2.
Write	 62 1 Y2 N2 122
^2	 27'r 7r2 E2 E1 rZ
where 62represents measured values of logrithmic decrement for the 8-inch duct.
For the 2-inch duct,	 O
1	 Y1 Nl 11`
7r 2 El	
E1	 rl
The latter two expressions may then be used to obtein values of N 2 for the larger duct
at strain levels a 1.
2
_ 1 r2 1 L 62 (El) N
N2te1) _ 2Tr r1	 1(E1)
	 1 1
In using this approach, ^2 versus E2 values for the larger diameter duct would there-
fore be obtained from vibration decay tests, and the corresponding acceleration load
factors, N2 , would be obtained by scaling results obtained with the smaller diameter
duct. If the method is proven to be successful, shaker tests on the larger diameter
duct would only be required to check the predicted results.
2.2 EXPERIMENTAL PROCEDURES
2.2. 1 Preparation of Task II Test Specimens
The addendum test program included four test ducts that were 2 inches O. D,
and six test ducts that were 3 inches O. D. The 2-inch test ducts are referred to as
Task A addendum and the 3-inch ducts are referred to as Task E addendum to corres-
pond to the master test schedule included in the Fourth Quarterly Report.
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rFor the 2-inch duct Task A series, two of the ducts were aluminum and two
were Inco 718. For the 3-inch Task E series, two were aluminum, two were Inco 718,
and two were titanium alloy.
All of the ten duct systems had 10-mil thick, 321 SS damping sleeves applied
at the midspan as opposed to the 5-mil thick damping sleeve used for the original test
series program. This approach allows the comparison of the damping ratio for the
various damping sleeve thicknesses with all other duct parameters held constant.
The damping sleeve length was extended, over that of the initial test tubes, from 12
and 15 inches long to 14 and 16 inches for the 2-inch O. D. and 3-inch O. D. ducts,
respectively, to allow subsequent removal of damping sleeve material to 14- and 12-
inch lengths for damping ratio change determinatIn t. A second duct for each of the
materials and sizes included a damping sleeve with 2 chevron end prepared to increase
the fatigue life of the damped duct.
E
Stainless Steel to Inconel 718
This is the simplest of the joining problems and was accomplished in a relatively
straightforward manner. The damping sleeve is prepared in two halves to minimize
differential thermal expansion. The two halves are form-rolled to perfectly it the
contour of the tube prior to assembly. A foil of Sta-Flo 761 is wrapped around the
Inconel tube where the 321 SS sleeve is to be applied. The 321 SS damping sleeve; is
placed over the Sta-Flo foil and held in position by an outer band of AISI t ype 1010
{	 steel.. This outer 1010 steel foil is tightened by stepless banding clamps and tack
welded. The entire assembly is then placed in a pyrex tube muffle and purged with
gettered argon prior to induction brazing. An induction heating coil is traversed
along the damping sleeve to raise the area to a temperature of 1650 F for braze bond-
ing. At the end of the cycle, the outer 1010 foil is removed and the entire assembly
Z 	 is put in an argon muffle for completion of the heat treat. The heat treatment is a
duplex age type heat treatment, which exposes the entire duct assembly (already in
the solution heat treated condition) to 1350 P and to 1100 F for periods of 4 hours each.
Good quality bonds were achieved. Two ducts each of 2-inch and 3-inch diameter were
prepared in this manner for Tasks A and E.
Stainless Steel to Titanium
The brazing method used for the '?-inch and the 4-inch O. D, ducts in each
case, caused degradation of the duct material. Originally, Lithobraze BT was
applied on both sides of a 1 mil thick diffusion barrier and brazed on the tube. How-
ever, the copper content in the - BT braze ahoy reduced the base metal strength of
the titanium tube, which contributed to premature failure during vibration testing.
This condition was not expected because of the minimum quantities of bond alloy
15
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used in the process. On the second 2-inch titanium duct, a substitute bond alloy
containing much less copper, Sta-Flo 761, was used. A considerable improvement
was obtained, however, the weak point in the duct shifted to the transition point of
the sleeve to duct area.
The procedure for the 3-inch and subsequent ducts was to pre-braze a diffu-
sion barrier fail to the 321 sleeve with BT alloy. These composites were then shaped
and brazed in two halves to the duct with Sta-Flo 761. Restraint was applied in the
same manner as in the SS to Inco 718 case, except that the outer band consisted of a
columbium alloy foil. Brazing was by induction heating in a vacuum. Temperature
control is carefully maintained to avoid over heating, which may cause erosion or
degradation of the base material.
The two 3-inch O. D. titanium ducts (Task E) were processed with the fore-
going procedure and braze quality was seen to be adequate for determination of
response.
Stainless Steel to 6061 Aluminum Alloy
The four stainless steel sleeve/aluminum test duct systems presented the
greatest fabrication problems. One of the 2-inch ducts and one 3-inch with the chev-
ron damping sleeve ends were processed with acceptable quality. The plain-end
10-mil damping sleeve ducts had noticeable unbonded areas. The problem arises
from the difficulty in optimizing the pressure loading on the damping sleeve during
the bonding cycle. The process used for the bonding of the damping sleeves for
these test series was similar to that described for the 3-inch titanium duct, in that
pre-brazed composites were prepared with a diffusion barrier foil, 321 SS sleeve
end Lithobraze BT braze alloy. These composite sleeves were then shaped to a net
fit and brazed in two half sections to the aluminum tube with Alcoa 718 aluminum-
silicon alloy. Brazing was conducted in an argon muffle resting horizontally on the
hearth of a large steel tempeing oven.
The 3-inch tubes were banded externally with 321 SS foil to provide compres-
sive forces (by differential thermal expansion) on the sleeves. Considerable distor-
tion resulted in the first these with plain sleeve ends, but the problem was relieved
in the chevron-cut end specimen by placing a diagonally split length of stainless steel
cubing inside the aluminum tube in order to stiffen the braze area.
The first of the 2-inch tubes, with plain sleeve ends, was similarly banded
with 321 SS which, perhaps because of the smaller diameter, did not provide sufficient
differential thermal expansion strain to compress the sleeve tightly against the
aluminum tube. The resultant braze was of poor quality. The procedure was revised
for the second 2-inch tube, chevron-cut ends, by substituting a banding material with
I
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Ia lower thermal expansion coefficient, Type 1010 steel. A second 2-inch aluminum
duct with a plain ended damping sleeve, designated Test No. 40 Rerun in Table I,
was also ,fabricated, using a 1010 steel band rather than a 321 SS band. Much better
quality brazing resulted in each case.
All aluminum ducts with brazad damping sleeves were solution heat treated
and aged to return them to the T6 condition. In brazing the aluminum tubes, the basic
problem is the proximity of the minimum brazing temperature of Alcoa 718, 1090 F,
to the melting range of 6061 Aluminum, 1100-1200 F. Even without the distortion
problem, resulting from loss of strength at the braze temperature, there is a serious
possibility that irreparable metallurgical damage can occur by incipient grain boundary
melting at the elevated braze temperature.
2.2.2 Test Procedures for Response and Fatigue Tests
a
The mounting fixtures for the duct sections are shown in Figures 7 and 8. The
shaker mounted end was pinned and the opposite wall mounted end was held in a pinned/
sliding joint. Clearances of 0. 0.005-inch were maintained on the pins. Alignment was
accomplished at the shaker mounted end. In some instances, shims were placed in the
pin joints after strain gage signals measured on the duct indicated that clearances were
excessive. Lateral alignment was checked by manually twisting the duct to ensure that
no binding would occur at the joints. The joint surfaces were repeatedly lubricated
with SAE 30 weight oil during set up and test operation.
During the early stages of the program, the flanged ends of the ducts were ,klelded
to the ends of the ducts prior to precision boring of the pinholes. This practice was dis-
continued in favor of removing the flanges from a previously tested duct of the same
diameter and material, aligning the pins with respect to the duct on a tooling plate and
j .
	
	 then welding the fi nges. This change in procedure represented a time and cost saving
measure without sacrifice in quality of the experiments.
x.
	
	 A schematic of the test apparatus is shown in Figure 9. Vertical steady state
sinusoi lal motion was imparted to one end of a duct section by a 1500-pound electro-
dynamic shaker. Input acceleration lead factors N in units of acceleration, g, were
measured with a piezoelectric accelerometer and vibration meter.
Duct and sleeve strains were measured with Budd Metalfoil, C-121 temperature
compensated gages (gage length = 1/8-inch). They were bonded with an equal parts
mixture of Shell Epon Resin No. 828 and Versamid No. 125 Polyamide Resin. Curing
time was 1-1/2 hours at 150°F. If gages failed during a test, they were replaced with
either a Budd gage from the original lot or with Baldwin A5-1 gage. In either case,
the replacement for the failed gage was bonded with Eastman 910 contact cement.
Drift problems with the strain gages were minimal since no static strain was involved.
Strain gage bonding was satisfactory in all cases. A samples of each discrete strain
1
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FIGURE 7. SIIAKFIt FIXTURE SHOWING PINNED DUCT END AND
ACCELEROI,IETER LOCATION
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FIGURE 8. WALL MOUNTED FIXTURE FOR DUCT END
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FIGURE 9. CONTROL AND MONITORING SYSTEM FOR VIBRATION
OF DUCT ASSEMBLIES
value was recorded on a Honeywell, Model 1108 Recording Oscillograph utilizing a
C. E. C. System I 'D" amplifier unit with three Model 113-B carrier amplifiers as gage
conditioning units. The gages were resistance calibrated in the conventional manner
for strain gage bridge circuits. Typical calibration oscillograph traces are shown in
Figure 10.
A quarter-point strain gage was continuously monitored on a Tektronix Model
564 Storage Oscilloscope using a Type 3C-66, twenty-five K-Hz carrier plug-in
amplifier. This provided a visual means of fine-tuning the frequency to assure maxi-
mum strain at each discrete value of force-input and assurance that good strain wave-
form quality would be obtained on oscillograph traces for gages at other duct locations.
Shaker oscilloator gain was increased at discrete intervals with the frequency swept
manually from slightly below resonance through the resonance peak, and then carefully
a	 returned to the frequency of peak strain response for given load input N.
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FIGURE 10. TYPICAL STRAIN GAGE CALIBRATION AND
STRAIN RESPONSE DATA
Test frequencies were monitored on a Hewlitt-Packard, Model 521A elec-
tronic counter. A continuous cycle count was recorded on a General Radio, Model
1191, eight digit counter to determine numbers of stress cycles at each load level
during response and fatigue tests. The output from the shaker oscillator supplied the
input for both counters.
All test ducts, shown in Figure 11, and fixtures have been placed in a display
area for review by program personnel.
20
7FIGURE 11. DISPLAY: OF DUCTS USED IN TESTING PROGRAM
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III. PRESENTATION OF TEST DATA
Experimental results obtained in the report period on the response and fatigue
life of ducts with damping sleeves are presented below. Note that the formula used to
predict the damping ratio, i.e.,
I_ 1	 Y N_ 12
7T 2 E	 E	 r
includes an input acceleration load parameter, N, and a response parameter, given
by the peak strain in the duct, E. The formula pertains directly to the prediction of
damping in a uniform duct with no damping sleeve. Addition of a 321 SS sleeve to a
duct can be expected to change the response to a given acceleration load not only by
z
	
	 changing the total damping in a duct, but also by changing the mass and stiffness dis-
tributions of the duct. A new procedure for designing damping sleeves in which the
sleeve stiffness and mass per unit length are treated as functions of duct position is
given in Section 3.2 of Reference 1.
3.1 COMPLETED TEST PROGRAM (TASKS A, B, E)
All of the Test Series I and II, Tasks A, B, and E and Tasks A, B, and E
Addendum experiments defined in the overall test program on pages 16 through 20 of
Reference 3 have now been completed. Test identification numbers, duct and sleeve
materials and geometries used in the experiments are summarized in Table I.
3.2 RESPONSE DATA
The response data obtained in the past quarter are recorded on the 14 tables
below. The ordering and identification of the tables correspond with Table I. Table II
represents a re-run of the response test for the undamped 2-inch O. D. Inconel 718
duct. In tests on certain of the ducts, attempts were made to determine the effect of
sleeve length by removing equal increments of sleeve length from each end of the sleeve.
Note, for example, in Table V that response data is presented for sleeve lengths of
14, 12, and 10 inches. The overall test plan in Reference 3, page 19, required that
the sleeve length in test II-A-38 be obtained with a 14-inch sleeve. Identification
numbers II-A-38a, II-A-38, and II-A-38b were used in Table V to distinguish response
data for the sleeve lengths of 14, 12, and 10 inches, respectively.
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rIn some of the tables, strain amplitudes at two duct locations are listed.
Subscript c denotes strains measured at the duct center and d at a specified distance
from the duct center. In these instances, the tabulated damping ratio values were
	
computed according to the formula.	 i
_ 1	 Y N Q2
7r2 E E r
with a selected as the duct center strain amplitude, Ee.
The tables are followed by 6 graphs, Figures 12 through 17, which show
measured bending stress and strain values on duct walls at extreme fiber locations,
as functions of the acceleration load input parameter, N. These graphs are presented
in order of increasing duct diameter and damping sleeve thickness. In some cases,
both Ec and Ed values for damped ducts and midspan strains for corresponding undamped
ducts are shown on the graphs. Figures' 18 through 24 show computed damping ratio
values, ^, versus midspan stress, a.
Sleeve length effects investigated in tests on eight damped ducts are summar-
ized in the form of midspan strain, E, versus acceleration load, N, graphs in Figures
25 through 32.
Due to the change in sleeve thickness from 5 to 10 miles in the Addendum Tests,
the effect of sleeve thickness may be examined in the response data for the 3-inch O. D.
Inconel, 2 and 3 inch O. D. aluminum, and 3 inch O. D. titanium ducts. The sleeve
thickness was introduced as a dimensionless parameter a/b, where a is the damping
sleeve thickness, b the duct wall thickness. For our purpose, b was constant, i.e. ,
49 mils. Thus the change in a/b indicates a change in sleeve thickness only.
The curves for the 3 inch O. D. Inconel and aluminum ducts, which were pub-
lished in the 9th Monthly Progress Report (July 1968), were derived from the values of
the slopes of the E versus N graphs for these two ducts. The values of the measured
strains E for constant values of N at the several sleeve thicknesses and damping ratios,
^, computed therefrom are given in Tables XVI and XVII on page 62. The graphs for
the 3-inch Inconel and aluminum ducts in Figures 33 and 34 were plotted from these
tables.
The graphs for the 2 inch O. D. aluminum duct and the 3 inch O. D. titanium
ducts in Figures 35 and 36 were obtained by a different method. Here the various
plots of ^ versus a for the several sleeve thicknesses used were simply superimposed.
This method explains the much wider scatter of points for the 3 inch O. D. titanium
ducts, as these are actual experimental points, and not averaged ones as in Figures
24
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33 and 34. For the 2 inch O. D. aluminum duct, the experimental points were omitted,
since due to the small value of 4 here and the close proximity of the three curves, the
experimental points would exhibit considerable scatter. The above sleeve thickness
effects have been summarized in Figure 37 for all four ducts tested, as a graph of
versus a/b.
3.3 FATIGUE LIFE DATA
A total of nineteen ducts were fatigue tested in the experimental phase of the
program. Relevant fabrication and response data for the tests are summarized in
Tables XVIII and XIX. The acceleration load input in each case was selected as the
value that would be expected to result in a 300,000 cycle life for an undamped duct.
Ducts with one-inch chevron ends on damping sleeve~ were fatigue tested only, while
ducts with plain ended sleeves were used in both response and fatigue tests. In the
latter case, expected cycles to failure after response tests had been performed were
estimated on the basis of the Miner-Palmgren linear damage accumulation law.
I
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TABLE I
SUMMARY OF COMPLETED EXPERIMENTS
Duct Geornety :121 S5 Slevco Geometry Sleete End
Ilvsrr iption"all I.ongths
"Trust Test Duct Diameter length Thickness "Ihickness to Response Tests ut 1Ltivv
Series Task \o. Material (inches) (Inches) (Inches) (mils) (inches) lust,
1	 A 1 321 Ss 2.0 60.0 .0.19
2 Inco 718 2.0 60.0 .049
3 6061-TG 2.0 60.0 .049
Al um lnum
4 6,\1-4\' 2.0 60.6 .0,19
Titanium
11	 A 5 Inco 118 'L.0 60.0 .049 5 12.0 Plain
6 6061-'T6 2.0 6U.0 .049 5 11.6 I'lam
Aluminum
7 6Al-4V 2.0 60.0 .049 5 12.0 Plain
Titanium
1	 6 8 321 SS 4.0 78.0 .049
9 Inco 718 4.0 78.0 .1:	 0
10 60 61 _TG .1.0 78.0 10-19
Aluminum
11 6AI-4\ 4.0 78.0 .049
Titanium
11 13 12 Inco 718 4.0 78.0 .0.19 5 15.0 Plain
13 6061 =T6 4.0 78.0 .U•19 5 15.0 Plain
Aluminum
14 6AI-4\' 4.0 78.0 .049 5 14.4 Chevrons
Titanium
I	 E 29 :121 SS 3.0 78.0 .0.19
30 Inco 716 :1.0 78.0 .049
:Il. 6061-'I'0 3.0 78.0 .049
Aluminum
1 :12 GAI-4A' 3.0 78.0 .049
Titanium
33 Inco 718 3.0 78.0 .049 5 16.0 15.0 1.1.0 Plain
34 6061-TG 3.0 78.0 .0.19 5 16.0 1.1.0 Plain
Aluminum
:15 GAI-4\' 3.0 78.0 .049 5 16.0 1.1.0 12.0 Plain
Titanium
II	 A 38 Inco 718 '2.0 60.0 .0.19 10 1.1.0 12.0 10.0 Plain
Addendum 39 Inco 718 2.0 60.0 .0,19 10 14.0 Chevrons
40 6061-116 2.0 60.0 •049 10 1.1.0 Plain
Aluminum
Rerun 40 6061-T6 2.0 60.6 .049 10 1.1.0 12.0 10.0 Plain
Aluminum
, I1 6061 =T6 2.0 60.0 .049 1U 14.0 Chevrons
.luminum
II	 6 42 Inco 718 3.0 78.0 .049 10 16.0 14.0 12.0 Plain
Addendum 43 Inco 718 3.0 78.0 .049 10 16.0 Chevrons
44 0061-T6 ".0 78.0 .049 10 1.1.0 12.0 10.0 Plain
Aluminum
45 60 G1-'1'G 3.0 78.0 .049 10 16.0 Chevron,
Aluminum
46 6Al-4V 3.0 78.0 .049 10 16.0 14.0 12.0 Plain
Titanium
47 6Al-4V 3.3 78.0 .049 10 16.0 Chevrons
Titanium
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TABLE H
INCONEL UNDAMPED I-A-2a
N c N/c 2R R v
0.7 130 .00538 .0206 48. 54 24.27 3,900
1. 1 150 .00733 .0281 35. € k 17.79 4,500
2.0 260 .00769 1 029E 33. vy 16.95 7,800
4.0 420 .00952 .• 0365 27. 39 13.69 12,600
5.5 540 .01018 25.64 12. 82 16,200
8. 0 700 .01142 .0438 22.83 11.41 21,000
7.4 S00 .00925 .0354 28.24 14.12 24,000
12. 0 900 .01333 .0511 19.56 9.78 27,000
13, 8 1050 . 01314 . 0504 19. 84 9.92 31,500
14. 8 1150 .01286 .0493 20.28 10. 14 34,500
17. 1 1400 .01221 .0468 21.36 10.68 42,000
23. 0 1700 .01352 .0518 19.31 9.65 51,000
20.0 1800 .01111 .0426 23.47 11. 73 54,000
25. 0 1900 01315 .0504 19. 84 9. 92 57,000
r
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TABLE III
ALUMINUM DAMPED II-E-34
Sleeve Length, 16 In., Thickness, 5 Mil
N Ec N/Fc 4c 2R R Crc
0.3 150 0.00200 0.0081.9 122.10 61.05 1,500
1.2 200 0.00600 0.02456 40.72 20.36 2,000
1.7 290 0.00586 0.02394 41.77 20.88 2,900
2. 1 350 0. 00600 0. 02456 40.72 20.36 3,500
2.7 520 0.00519 0.02124 47.08 23.54 5,200
4.8 740 0.00649 0.02656 37.65 18.82 7,400
7.0 1010 0.00693 0.02837 35.25 17.62 10,100
8.4 1250 0.00672 0.02751 36.35 18.17 12,500
9.4 1370 0.00686 0.02808 35.61 17.31 13,700
10.8 1700 0.00635 0. 02599 38.48 19.24 17,000
TABLE IV
ALUMINUM DAMPED II-E -34a
Sleeve Length, 14 In.; Thickness 5 Mil
N E N/E v
c c c c
0.3 110 0.00273 0.01118 1100
1.2 200 0.00600 0.02452 2000
1.6 310 0.00516 0.02105 3100
2.2 500 0.00440 0.01790 5000
5.1 720 0.00708 0.02895 7200
r
Duct failed here
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TABLE V
INCONEL DAMPED
211 R or
II-A-38a (Sleeve Length 14 Inches)
2.1 125 0.0168 .06182 16.1759 8.0879 3,750
4.7 450 0.0105 .03864 25.8799 12.9399 13,500
7.0 1050 0.0066 .02428 41.1861 20.5930 31,500
10.0 960 0.0104 .03827 26.1301 13.0650 27,800
12.4 1020 0.0121 .04452 22.4618 11.2309 30,600
16.2 1350 0.0120 .04416 22.6449 11.3224 40,500
18.1 1700 0.0106 .03900 25.6410 12.8205 51,000
Y
5
20.5 2000 0.0102 .03753 26.6453 13.3226 60,000
H-A-38 (Sleeve Length 12 Inches)
' 2.4 160 0.0150 .05520 18.1159 9.0579 4,800
4.2 340 0.0124 .04563 21.9154 10.9577 10,200
6.2 720 0.0086 .03164 31.6055 15.8027 21,600
7.5 980 0.0076 .02796 35,8422 17.9211 29,400
i
10.0 1300 0.0077 .02833 35.2982 17.4910 30,000
13.0 1530 0.0085 .03128 31.9693 15.9846 45,900
L
16.0 1840 0.0087 .03201 31.2402 15.6201 55,200
18.0 2100 0.0085 .03128 31.9693 15.9846 62,000
21.0 2200 0.0095 .03496 28.6041 14.3020 66,000
II-A-38b (Sleeve Length 10 Inches)
1.8 250 0,0072 .02649 37.7500 18.8750 7,500
e'. 2.9 350 0.0083 .03054 32.7439 16.3719 10,500
4.2 460 0.0091 .03348 29.8685 14.9334 13,800
5.9 910 0.0059 .02171 46.0617 23.0335 27,300
8.9 1190 0.0075 .02760 36.2318 18.1159 35,700
13.0 1630 0.0079 .02907 34.3997 17.1998 48,900
16.0 2050 0.0078 .02870 34.8432 17.4216 61,500
j
18.0 2100 0.0085 .03128 31.9693 15.9846 63,000
I 20,0 2400 0.0083 .03054 32.7439 13.7195 72,000
f
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TABLE VI
ALUMINUM DAMPED
N E N/E 211 R
r
o
II-A-40a (Sleeve Length 14 Inches)
0.6 200 .0030 .01151 86.88 43.44 2,000
1.6 360 .0044 .01688 59.24 29.62 3,600
1.8 510 .0035 .01342 74.51 37.25 5,100
1.7 600 .0028 .01074 93.10 46.55 6,000
4.4 970 .0045 .01726 57.93 28.96 9,700
2.7 650 .0041 .01573 63.57 31.78 6,500
3.8 800 .0047 .01803 55.46 27.73 8,000
4.2 1070 .0039 .01496 66.84 33.42 10,700
4.6 1260 .0036 .01381 72.41 36.20 12,600
6.4 1270 .0050 .01918 52.13 26.06 12,700
5.8 1400 .0041 .01573 63.57 31.78 14,000
H-A--40 (Sleeve Length 12 Inches) t
0.6 170 .0035 .01342 74.51 37.25 1,700
1.2 350 .0034 .01304 76.68 38.34 3,500
2.2 540 .0040 .01534 65.18 32.59 5,400
2.8 730 .0038 .01457 68.63 34.51 7,300
3.75 940 .0039 .01496 66.84 33.42 9,400
7.0 1400 .0050 .01918 52.13 26.06 14,000
7.8 1480 .0052 .01918 52.13 26.06 14,800
ll-A-40b (Sleeve Length 10 Inches)
0.4 190 .0021 .00815 124.22 62.11 1,900
1.4 450 .0031 .011.89 84.10 42.05 4,500
2.5 580 .0043 .01649 60.64 30.32 5,800
3.2 810 .0039 .01496 66.84 33.42 8,100
3.9 930 .0041 .01573 63.57 31.78 9,300
4.4 1130 .0038 .01457 68.63 34.31 11,300
5.6 1330 .0042 .01611 62.07 31.03 13,300
7.2 1520 .0047 .01803 55.46 27.73 15,200;
8.2 1610 .0050 .01918 52.13 26.06 16,100
30
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TABLE VII
INCONEL DAMPED II-E-42
Sleeve 16 In. Long, 10 Mil Thick
N Ec Ed* NICc ec °c
2.4 170 210 0.01411 0.05770 5,100
5.1 290 375 0.01760 0.07200 8,700
6.5 400 520 0.01625 0.06650 12,000
8.2 525 680 0.01560 0.06380 15,750
10.3 610 800 0.01690 0.06910 18,300
13.2 760 1025 0.01735 0.07100 22,800
15.1 875 1210 0.01726 0.07060 26,250
16.3 940 1350 0.01762 0.07220 28,200
18.6 1000 1500 0.01860 0.07620 30,000
21.8 1110 1660 0.01948 0.07960 33,300
26.8 1400 2180 0.01916 0.07840 42,000
28.8 1480 2330 0.01950 0.07968 44,400
32.0 1620 2520 0.01975 0.08070 48,600
* ed = strain measured two inches from damping sleeve, ten inches
from center.
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TABLE VIII
INCONEL DAMPED II-E-42a
Sleeve 14 In. Long, 10 Mil Thick
N cc Ed N/E c E c cc
2.0 140 190 0.01431 0.05850 4,200
4.0 230 300 0.01740 0.07110 6,900
6.4 370 500 0.01730 0.07060 11,100
8.6 500 670 0.01720 0.07030 15,000
10.0 570 770 0.01751 0.07160 17,100
14.0 610 870 0.02296 0.09370 18,300
17.0 690 960 0.02460 0.10080 20,700
19.5 1140 1610 0.01711 0.07000 34,200
23.0 1180 1690 0.01952 0.07990 35,400
27.0 1220 1775 0.02232 0.09120 36,600
30.0 1540 2230 0.01948 0.07950 46,200
31.0 1600 2250 0.01940 0.!7920 48,000
* E d = strain measured three inches from damping sleeve, 10 inches
from center.
F
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TABLE IX
INCONEL DAMPED II-E-42b
Sleeve 12 In. Long, 10 Mil Thick
N Ec Fd* NIEc ec °c
2.4 130 150 0.01848 0.07540 3,900
4.2 290 370 0.01450 0.05930 8,700
6.0 400 510 0.01500 0.06130 12,000
9.2 550 700 0.01676 0.06850 169500
14.0 850 1100 0.01648 0.06730 25,500
18.0 1130 1540 0.01593 0.06520 33,900
24.0 1380 1870 0.01740 0.07110 38,400
29.0 1620 2070 0.01790 0.07320 48,600
34.0 1760 2220 0.01931 0.07900 52,800
* Ed = strain measured four inches from damping sleeve, ten inches from
center.
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rThBLE X
ALUMINUM DAMPED II-E-44
Sleeve 14 Inches Long, 10 Mil Thick
N cc Ed N/Ec 6c a 
1.0 160 250 0.00625 0.02558 1,600
1.8 250 380 0.00720 0.02940 2,500
3.2 430 700 0.00745 0.03042 4,300
4.5 610 1000 0.00737 0.03015 6,100
4.7 740 1150 9.00635 0.02595 7,400
6.6 900 1400 0.00733 0.02995 9,000
7.2 910 1420 0.00791 0.03237 9,100
8.4 960 1500 0.00875 0.03580 9,600
9.6 1000 1560 0.00960 0.03920 10,000
12.0 1410 2210 0.00852 0.03482 14,100
14.0 1350 2100 0.01075 0.04400 13,500
* Ed = strain measured two inches from damping sleeve, nine inches from
center.
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fTABLE XI
ALUMINUM DAMPED II-E-44a
Sleeve 12 In. Long, 10 Mil Thick
N f
*
 
Ed N/Ec ec cc
1.2 150 250 0.00800 0.03275 1,500
1.9 300 510 0.00634 0.02600 3,000
3.2 450 750 0.00710 0.02905 4,500
5.0 600 990 0.00834 0.03410 6,000
6.4 830 1350 0.00770 0.03150 8,300
7.0 900 1500 0.00778 0.03180 9,000
8.2 1100 1770 0.00744 0.03040 11,000
10.2 1170 1900 0.00871 0.03765 11,700
11.5 1350 2210 0.00852 0. 0349% 13,500
* Ed = strain measured three inches from damping sleeve, nine inches
from center.
TABLE XII
ALUMINUM DAMPED II-E-44b
Sleeve 10 In. Long, 10 Mil Thick
N	 cc	 Fd 
*	
Nlec	 ^c	 °c
0.7 100 140 0.00700 0.02865 1000
1.2 200 310 0.00600 0.02457 2000
2.7 430 690 0.00628 0.02565 4300
3.0 435 700 0.00690 0.02821 4350
3.8 600 930 0.00633 0.02590 6000
* Ed = strain measured four inches from damping sleeve, nine inches
from center,
I
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rTABLE XIII
TITANIUM DAMPED II-E-46a
SLEEVr: 16-INCH LONG, 10 MIL THICK
N	 Ec*	 Ed**	 Nlec	 4c	 °c
1.8 200 260
2.7 400 530
3.8 500 680
5.5 760 1000
7.8 950 1220
10.2 1170 1510
14.5 1670 2080
16.5 1900 2310
19.6 2610 2750
23.0 2800 2850
26.0 3170 3000
* Measured at duct center.
** Measured 10 inches from center.
0.00900 0.03684 3,400
0.006750 0,02762 6,800
0.007600 0.03110 8,500
0.007236 0.02961 12,920
0.008210 0.03360 16,150
0. 008717 0.03568 19,890
0.008682 0.03553 28,390
0.008684 0.03554 32,300
0.007509 0.03073 44,370
0.008214 0.03362 47,600
0.008201 0.03356 53,890
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TABLE XIV
TITANIUM DAMPED II-E-46
SLEEVE 14 INCH LONG, 10 MIL THICK
N Ec* Ed** N/Cc fc ac
1.3 230 300 0.005652 0.02333 3,910
2.5 340 450 0.007352 0.03009 5,780
3.6 405 540 0.008888 0.03638 6,885
5.8 550 730 0.010545 0.04316 9,350
8.0 890 1100 0.008988 0.03679 15,130
10.2 1260 1550 0.008095 0.03313 21,420
12.1 1280 1600 0.009453 0.03869 21,760
17.0 1900 2100 0.008947 0.03662 32,300
20.5 2310 2430 0.008874 0.03632 39,270
25.2 2930 2860 0.008600 0.03520 49,810
* Measured at duct center.
** Measured 10 inches from duct center.
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TABLE XV
TITANIUM DAMPED II-E-46b
SLEEVE 12 INCH LONG, 10 MIL THICK
N	 Ec*	 Ed ** 	 We 	 4c	 ac
1.6 190 250 0.008421 0.03447 3,230
2.8 310 460 0.009032 0.03697 5,270
3.8 365 520 0.01041 0.04261 6,205
6.8 690 930 0.009855 0.04033 11,730
8.8 990 1350 0.008888 0.03638 16,830
10.6 1310 1750 0.008091 0.03311 22,270
14.9 1700 2120 0.008764 0.03587 28f900
18.0 2200 2540 0.008181 0.03348 37,400
21.5 3920 3600 0.005484 0.02244 66,640
26.0 3800 3550 0.006842 0.02800 64,600
* Measured at duct center.
** Measured 10 inches from duct center.
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TABLE XVI
INFLUENCE OF DAMPING SLEE TIE THICKNESS ON THE,' F VERSUS E CURVE
FOR 3-INCH O. D. INCONEL 718 DUCT
a/b =o
	
a/b =0.1	 a/b =0.2
N E Q E E
5 480 0.0442 350 0.05870 300 0.05840
10 950 0.04310 750 0.05470 600 0.05840
15 1420 0.04320 1130 0.05445 900 0.05840
20 1900 0.04310 1520 0.05390 1150 0.07140
25 2370 0.04314 1900 0.05390 1360 0.07545
30 2850 0.04306 2300 0.05350 1560 0.07890
35 3300 0.04350 2680 0.05354 1750 0.08187
40 3780 0.4346 3080 -).05330 1950 0.08420
TABLE XVII
INFLUENCE OF DAMPING SLEEVE THICKNESS RATIO a/b ON
THE e VERSUS E CURVE FOR 3-INCH O. D. ALUMINUM DUCT
a/b = 0 a/b = 0.1 a/b = 0.2
N <_ E E
5 1225 0.01707 730 0.02805 550 0.03725
10 2450 0.01670 1550 0.02640 1100 0.03720
15 3680 0.01668 2315 0.02654 1650 0.03720
20 4900 0.01674 3100 0.02640 2250 0.03640
25 6130 0.01674 3880 0.02640 2800 0.03658
30 7340 0.01674 4650 0.02638 3350 0.03658
35 8560 u.01662 5430 0.02680 3950 0.03620
40 9800 0.01670 6200 0.02640 4500 0.03635
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Tv, DISCUSSION OF EXPERIMENTAL RESULTS
4.1 RESPONSE TESTS
All of the response tests obtained on the program are included in the present
and previous (Ref. 3) quarterly .'reports. A complete comparative review of the graph-
ical presentations is in process and will be discussed in the final report. The damping
sleeves applied to ducts to date have been circular in cross section and uniform in the
x	 length direction. Sleeves with both plain and one-inch chevron ends and of the same
nominal length and thickness yield essentially the same reduction in first vibration
mode response. Plain ended sleeves of the same thickness and of lengths differing by
as much as four inches have essentially the same damping effect. The effect of
changing sleeve thickness varies considerably with parent duct material, indicating
that damping sleeve design procedures warrant a thorough analytical review.
The experimental results show that although a uniform duct has the maximum
stress at midspan, a duct vdth a uniform damping sleeve does not necessarily have a
stress maximum at midspan. A new damping sleeve design theory, discussed to
Section 3.2 (Ref, 1) can be expected to yield much more uniform length distributions
of bending stress in future experiments,
4.2 FATIGUE TESTS
Results of the fatigue tests on 19 ducts are summarized in Tables XVIII and
XIX. The failures can be identified with a combination of causes which differ in rela-
tive importance for each test:
• Bending stress concentrations at or near sleeve ends
• Degradation of parent duct material properties during the brazing cycle
• Local imperfections in braze alloy distribution
• Fatigue damage of the 321 stainless steel sleeve material
• Fatigue damage of parent duct material.
Comparisons of results obtained with similar damped ducts having either plain or one-
inch chevron sleeve ends indicate that more extensive changes in sleeve geometry are
required to achieve significant improvements in fatigue lives.
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iThe fatigue tests have provided considerWe background information for de-
fining key problem areas in the design and fabrication of damped ducts in a proposed
continuation program.
4.3 FAILURE EXAMINATIONS
Metallographic and tensile test specimens were removed from five of the
fatigued ducts. The primary purposes were to evaluate existing braze t-)chniques and
to provide background information for a, fabrication development task in a proposed
follow-on program (Task IV of Ref. 1). The following discussion is categorized by
duct material in the order Inconel 718, 6Al-4V titanium, and 6061-T6 aluminum.
4. 3.1 Inconel 718
Test Duct No. 38 was selected for examination of a representative Inconel 718
duct failure. This duct cracked near the center of the damping sleeve after 123, 000
cycles at 76 ksi midspan stress level in the duct. The pattern of fracture is similar
to that of Test Ducts 5 and 33. Ducts 12 and 42 did not fracture in the requisite 300, 000
cycles, although the damping sleeves developed numerous cracks; and the failure of
ducts 39 and 93 initiated at resistance welded tacks.
Tensile Properties
A longitudinal sample was sectioned from Duct 38, in the central portion of the
damper sleeve. The 321 stainless steel sleeve material was peeled away and the
Inconel 718 machined to a standard 1/2-inch wide tensile specimen. By coincidence,
the reduced section of the tensile specimen was located in an area of the duct which had
not been wet by the silver braze alloy. It was therefore possible to determine the
mechanical properties of the 718 as affected solely by the thermal history rather than
the braze alloy. Results were as follows:
f
Area Ultimate 0.2 Percent Elongation
(Nominal) Strength Yield Percent In
(Inch) (ksi) (ksi) 1Inch
0.049 x 0.50 200.2 170.5 18.0
These results are typical of handbook values for the parent material and show accept-
able strength and ductility in the age-hardened condition, indicating that no significant
degradation occurred during thebraze cycle of the duct material.
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Metallographic Mount No. 4818
Etch: Electrolytic Oxalic Acid
Magnification: 250X
FIGURE 38.
CROSS-SECTION OF FATIGUE
CRACK IN DAMPING SLEEVE
Hardness
Rockwell superficia: hardness tests on cross sections of the Inconel 718 duct
from the center brazed area, the adjacent heat-affected area, and the end unaffected
areas all showed identical hardness, approximately 15N 83. 5, corresponding to the
above reported tensile properties and again indicative of no damage by brazing heat.
Metallographic Examination
Metallographic sections through the brazed sleeve area revealed a normal
microstructure of heat-treated and aged Inconel 718. The 321 stainless steel sleeve
was seen to have cracked in several places, with fatigue damage proceeding from the
outside diameter inward, as shown in Figure 38.
Figure 39 is a photomicrograph of a section through the actual tube fracture.
The coincidence of this fracture with two cracks in the damping sleeve was noted.
Progression is tranf-,granular from the outside diameter inward.
There appears to be a second mode of failure, however, not related to pro-
pagation of cracks from the outer sleeve. Several areas, of which Figure 40 is typical,
show incipient fatigue cracks initiated in the Inconel 718 duct at its interface with the
braze alloy at,d apparently not associated with any deficiency in the damping sleeve.
The point of initiation appears to be an area of braze alloy erosion into the
Inconel 718, which evidence can be correlated with the location of failures in Ducts 5
and 33. The latter ducts failed at the end of the camping sleeve where the buildup of
braze alloy is heaviest due to the squeezing action which accompanies differential
thermal expansion of restraining bands.
r
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Metallographic Mount No. 4818
Etch: Electrolytic Oxalic Acid
Magnification: 50OX
FIG1.'RE -10.
I\CIPIE\'I' FATIGUE CRACK
INITIATED I.\ INTERFACE
OF I\CO\EL 718 TUBE AND
SILVER BRAZE ALLOY
Metallographic Mount No. 4818
Etch: Electrolytic Oxalic Acid
Magnification: 50X
FIGURE 39.
FAILURE IX WA IL OF
TUBE 38, COINCIDENT WITII
FATIGUE CRACKS IN
STAINLESS STEEL DAMPING
SLEEVE
r
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INIetallographic Mount No. 4818
Etch: Electrolytic Oxalic Acid
^Iaification: 400X^
	 Steel, DPH 192
ita-Flow, DPH 69
nterface, DPH 104. 5
nconel 718, DPH 357
IGURE 41.
MCROHARDN'ESS TESTS IN
3RAZE ZO`'. OF
\'CONE L 7J.8 DUCT
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Figure 41 is a section through the braze zone which includes a number of
microhardness impressions. It can be seen that there are no anomalies in hardness
to indicate zones of brittle intermetallics. (The very light impression load, 5 grams,
precludes conversion of these results to more conventional hardness standards; a
valid qualitative relationship exists, however.)
3, 4.2 6A1-4V Titanium
Failures of the five titanium ducts were similar in that all cracked at damping
sleeve ends in less than the requisite number of cycles. The two having the lowesL
and highest fatigue lives, Ducts 35 and 46, were selected for examination.
Hardness
Both ducts had equivalent variations of hardness in the three areas tested in
cross section.
500gm DPH
Duct 35	 Duct 46
Unbrazed parent metal	 334	 344
Braze heat-affect zone	 317	 317
r
Braze section under sleeve
	
287
	 303
Metallographic Examination
Metallographic examination of the titanium ducts confirmed the variation in
hardness of the several sections as duct annealing conditions during the crazing heat.
Figure 42 shows parent metal, heat-affected zone and brazed zone, corresponding to
maximum processing temperatures of about 400, 1300 and 1650° F. Progression from
'd the standard basket-weave alpha-beta type structure through spheroidization and equi-
axed alpha structure is noted.
6	 Figure 43 is a section of Duct 35 under the brazed sleeve and is typical also
of Duct 46. Diamond pyramid hardness impressions show the wide variation in hardness
through the brazed section. Most significant are the formation of a hard intermetallic
zone between the silver alloy and the titanium; and the segregation of the braze alloy
into two distinct phases, one very hard and the other very , soft.
Unlike the Inconei 718 test ducts, the only cracks noted in the damping sleeves
of the titanium alloy ducts were those which initiated at the inside surface and were
p	
associated with unbrazed sections of the sleeve, as shown in Figure 44.
i
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C. Braze urea
Mount No. 4814
A. Parent Metzl	 B. Heat-Affected Zone
'Mount No. 4816-1	 Mount No. 4816-2
Etch: Kroll's
Magnification: 50OX
FIGUIIE 42. 'MICROSTRUCTURE OF Ti-6A1-4V ALLOY AS AFFECTED BY
BRAZE CYCLE
Ivietallographic 1'Iount No. 4813
Etch: Kroll's -
A	 Oblique Elimination
?Magnification: 40OX
^r	 v' J •f ; . "'	 v	 .
login DPN Hardness
4u	
410
^'	 v'''	 ti-6 Al V 259DPII
raze AJected Ti- 6A1 -4V, 273DP1I
*	 ^I	 Intermediate, 439DPH
♦^ 	 raze Alloy, Hard Phase 563DPH
Soft Phase 68DPH
iffusion Barrier Foil, 152DPH
Interface, 203DPH
Braze Alloy, 88DPH
FIGURE 43. TITANII T i\I DUCT HARDNESS TESTS
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Metallographic Mount No. 4814
Etch: Kroll's
Magnification : 100X
FIGURE 44.
FRACTURE OF STAINLESS
STEEL DAMPING SLEEVE
FROM INSIDE DIAMETER
OUTWARD, COINCIDENT
WITH UNBRAZED SECTION
r
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3.4.3 6001-TG Aluminum
All braed aluminum alloy ducts failed at the end of the sleeve sections. The
duct to which the sleeve was epoxy bonded did not fail, although the sleeve cracked
after failure of the epoxy joint. The two ducts selected fur examination were No. 6,
which sustained more cycles in resonant fatigue than any other, 320, 400; and No. 41,
which failed at about the average of the other tubes, 75, 800 cycles. The sleeve-to-
duct. braze of Duct 6 was the most marginal of any tested because of the manner in
which the differential thermal expansion restraining bands were attached.
Tensile Properties
Longitudinal specimens were sectioned from the central portion of the ducts
and the 321 stainless steel sleeve sec:im s were peeled away from the aluminum. The
specimens were machined to standard 1/2-inch configuration and tested in tension.
Results were as follows:
0.2	 Elongation
Area Ultimate Percent Percent
(Nominal) Strength Yield In
Tube	 (Inch) (ksi) (ksi) 1Inch
6	 0.050 x 0. 50 42.9 41.0 4.5
41	 0.050 x 0. 50 41.4 38.1 3.0
Tensile and yield strengths are of approximately the proper magnitude but
there is a marked loss of ductility. Typical elongation for 6061-T6 extruded tubing is
about 8 percent.
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lletallographic Examination
Figures 45 and 46 show cross sections of the braze joints in aluminum ducts,
No, 6 and 41 respectively, the latter at the point of fracture. The cc '`ion most
obvious in both is the degree to which the aluminum-silicon braze alloy has alloyed
N%rith the 6061 aluminum. The braze to the damping sleeve is of very marginal quality
and includes many voids. This irregularity of the surface provides severe notches for
amplification of the cyclic stress. At the ends of the sleeves there is an excess of
braze alloy which has been squeezed out of the joint by differential thermal expansion
against the restraining bands. Due to the inefficiency of banding on Duct 6, the braze
alloy had I-ess buildup and the damage which it caused was less, probably contributing
to the longer life of this particular duct in the fatigue test.
r
Metallographic Mount No. 4821
Etch: Flick's
Magnification: 250X
FIGURE 45,
TYPICAL SECTION OF SLEEVE TO
ALUMINUM ALLOY DUCT BRAZE JOINT
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Metallographic Mount No. 4822
Etch: Flick's
Magnification: 50X
Note excess of braze alloy on I. D.
A.
FIGURE 46,
FRACTURE THROUGH WALL OF
ALUMINUM ALLOY DUCT 41, NEAR
END OF DAMPING SLEEVE
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V. ANTICIPATED WORK FOR NEXT QUARTERLY PERIOD
The following activities will be emphasized in the next quarter:
• Completion of Task IV objectives
• Preparation of the final report.
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